Abstract. Because of heavy rains or earthquakes, landslide and debris flows may flow into rivers and block river channel so to become a landslide dam. Due to the relatively loose nature and the absence of proper engineering spillway, landslide dams are often vulnerable to catastrophic failure by overtopping and breaching, and cause severe flooding in downstream area possibly with serious casualties, such as life loss and property damage. Therefore, the technology development of time-effective monitoring landslide dams becomes an important issue in disaster mitigation. However, the monitoring and assessment of landslide is often difficult due to the timeliness and effectiveness over an unreachable location. Since the timing of dam failure and the magnitude of the resulting flooding downstream are highly affected by the landslide dam size and geometry, the three-dimensional measurement of landslide dam is an essential task in the mitigation act following the occurrence of a landslide lake. Taking responsiveness and efficiency into consideration, this research proposed a process for the monitoring and assessment of landslide dam by employing unmanned aerial vehicles (UAVs) for aerial surveying and Image based modeling (IBM) for aerial surveying and a 3D model reconstruction of an artificial landslide dam built in a real Landou stream within Hui-Sun experimental forest in Nantou, Taiwan, as a full-scale on-site experiment. The result shows that a 3D terrain model can be successfully constructed based on the UAV images through IBM process. Especially, the volume and stability of landslide dam is the most urgent information needed to be acquired for mitigation strategy making so that the failure of landslide dams due to dam breach and erosion by the overflow stream can be predicted and prepared.
Introduction
Landslide dams are generally formed by landslides or mudslides, which are typically caused by earthquakes, excessive precipitations, or flash floods, blocking a river reach so that impounded water from upstream catchment is retained as a landslide lake [1] . Due to the relatively loose nature and the absence of proper engineering spillway, landslide dams are often vulnerable to catastrophic failure by overtopping and breaching, and sequentially cause severe flooding in downstream area possibly with serious casualties, such as life loss and property damage [2, 3] . Also, the failure of landslide dam may lead to downstream flood and undercut the sides of the downstream river valley to further produce additional landslides as a compound disaster process.
Recently, the technology development of time-effective monitoring landslide dams becomes an important issue in disaster mitigation. However, the monitoring and assessment of landslide is often difficult due to the timeliness and effectiveness over an unreachable location. Since the timing of dam failure and the magnitude of the resulting flooding downstream are highly affected by the landslide dam size and geometry, the three-dimensional measurement of landslide dam is an essential task in the mitigation act following the occurrence of a landslide lake. Taking responsiveness and efficiency into consideration, this research proposed a process for the monitoring and assessment of landslide dam by employing unmanned aerial vehicles (UAVs) for aerial surveying and image-based modeling (IBM) for 3D model reconstruction. Especially, the volume and stability of landslide dam is the most urgent information needed to be acquired for mitigation strategy making so that the failure of landslide dams due to dam breach and erosion by the overflow stream can be predicted and prepared [4] .
Remote sensing has been broadly applied to earth surface monitoring, but very limited in landslide lake investigation due to the imaging conditions. Several remote sensing techniques for monitoring and investigation of landslide lakes were developed and examined, but often lacked timeliness and effectiveness to rapidly respond and mitigate the landslide event [5] . Especially, the volume and stability of landslide dam is the most urgent needed information that can be acquired through the measurement of the 3D landslide dam model for mitigation strategy making.
Methodology

Image-Based Modeling
Image-Based Modeling (IBM) is considered as a passive method to obtain a 3D structure in the state of motion, so-called Structure from Motion (SFM), SFM recovers the imaging scene and the location and orientation of the camera so to estimate the 3D coordinates of the cameras and the image-based point cloud. Scale-Invariant Feature Transform (SIFT) can identify feature points on different images and was employed to automatic feature matching to generate image mosaic [6, 7] . Integrating SFM with Clustering Views for Multi-view Stereo (CMVS), Patch-based Multi-View Stereo (PMVS), and Poission surface, a 3D terrain model was constructed based on the serial UAV images. The reconstruction process is shown in Figure 1 , and more detailed information can be referred to Lowe [8] and Yang et al. [9, 10] . 
Experiment of Landslide Dam Break
The proposed process was applied to a full-scale on-site experimental site as shown in Figure 2 The experiment of landslide dams aims to observe the dam breaking process and explore the failure mechanism to understand the failure process and further provide concrete suggestions for the authority. On October 13, 2013, an artificial landslide dam with a width of 3.7m, a height of 3m, and the minimum thickness of 2.9m was built for the experiment of landslide dam break. By obtaining water from an intake of irrigation water pipe crossing the upper stream of Landou stream, the experimental timing and inflow quantity can be controlled for dam breaking process. We deployed employing a UAV of rotorcraft equipped with an amateur camera to take photographs over the experiment scene before and after the dam breaking experiment. Figure 3 shows rotorcraft used in this study and its component. 
Results and Discussion
This study employed UAV images for aerial surveying and IBM technique for 3D scene reconstruction. The mosaic of UAV images of the artificial landslide dam within the experimental site is shown in Figure 4 . Through IBM process, the results of 3D scene reconstruction before and after dam failure are shown in Figure 5 . Since the experiment was conducted in afternoon after 3:00pm, the 3D model after dam break appears dark background due to the insufficient luminance in the valley that reduced the quality of 3D reconstruction. In addition, water reflectance also led defects of mis-matching features on images and deteriorated the quality of the reconstructed 3D model after dam break. Figure 6 shows a close look of channel of Landou stream toward upstream in 3D model before dam failure, and Figure 7 shows 3D models before and after dam failure. 
Conclusion
This paper describes a new remote sensing technique to landslide lake monitoring and investigation. The 3D models of landslide dams were constructed by IBM based on hundreds of photographs taken by an amateur camera equipped on a rotorcraft. The proposed process was applied to a full-scale on-site experimental landslide dam in Landou stream. 3D models were successfully established for scene reconstruction before and after dam break. In the future, the acquired 3D model can be modified through scale and coordinate transformation. The scale transformation was applied especially when in situ investigation is physically prohibited. If in situ surveying is possible, the four-parameter similarity coordinate transformation could be performed and result in better accuracy. Especially, the volume and stability of landslide dam is the most urgent information needed to be acquired for mitigation strategy making so that the failure of landslide dams due to dam breach and erosion by the overflow stream can be predicted and prepared. Furthermore, the established 3D model can be applied to the stable analysis and volume of landslide dams as reference for disaster mitigation strategy making.
